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An inductively coupled plasma (ICP) ion source coupled to a magnetic sector mass analyser equipped with seven Faraday
detectors has been used to measure the lead isotope ratios in solutions of Sanshiro Pond sediment collected at the
University of Tokyo, airborne particulates collected at Shinjuku in Tokyo and Merck multielement standard product
number 97279494. A thallium correction technique was utilised to allow a simultaneous correction for mass bias. This
work followed an earlier interlaboratory comparison study of the above-mentioned solutions using ICP quadrupole mass
spectrometry, and has demonstrated a considerable improvement in analytical precision. The following isotope ratio
measurements were recorded. Pond sediment solution containing 82 ng ml-' lead: 206pb/2o4pb=17.762±0.014; 206Pb/
207Pb=1.1424±0.0009; 208pb/2o4pb=37.678±0.034. Airborne particulate solution containing 45 ng ml-' lead: 206Pb/
2o4pb=17.969±0.006; 206Pb/207Pb=1.1528±0.0003; 208Pb/204Pb=37.915±0.021. Merck multielement standard solution
containing 100 ng ml-' lead: 206Pb/204Pb=19.255±0.015; 206Pb/207Pb=1.2238±0.0004; 208Pb/2o4pb=38.476±0.021 (All
errors are given as ±2 standard deviations).
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Thermal ionisation mass spectrometry (TIMS) is a
well-established method for measuring both radiogenic
and non-radiogenic isotope ratios. The isotope ratio
measurements of elements such as uranium, lead,
neodymium and strontium are routinely accomplished to
high levels of precision and accuracy. However, because the efficiency of thermal ionisation decreases as the
ionisation potential increases, certain elements cannot be
analysed by this technique. Thus, potential analytical
areas remain unchallenged. Further disadvantages of
thermal ionisation include the extensive sample preparation required to purify samples and the long analysis
time required to generate acceptable data.
An inductively coupled plasma (ICP) is a convenient
technique for the ionisation of sample materials. Used
in conjunction with a quadrupole mass spectrometer
(ICP-MS), it has become an essential tool for determining the elemental composition of sample solutions.
Since a plasma source can ionise over 90% of the elements
in the periodic table, the detection of most elements is
theoretically possible. The sample preparation and
analysis time are relatively short, since samples are
introduced directly into the plasma from solution.
However, plasma systems equipped with quadrupole
mass analysers cannot achieve the isotope ratio precision
and accuracy demonstrated by TIMS. Analysis is
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limited by signal instability and the necessary sequential
measurement of isotopic components. In addition, the
Gaussian peak shape which is typical of a quadrupole
analyser makes signal quantification more difficult than
the "flat topped" peak shapes exhibited by magnetic
sector TIMS.
The determination of lead isotope ratios is of major
importance in geological, environmental and clinical
studies. A description of TIMS applied to measuring
lead isotope ratios has been detailed by Chow et all and
Facchetti et al.2 High-precision, thermal-ionisation,
isotope-ratio measurements of lead have been used as a
sensitive geo-chronometer.3 Less precise ICP quadrupole measurements have been used to ascribe the origin
of gasoline pollution4 and to determine the concentration
of the lead content in human blood.5'6 A review of the
methods and applications of plasma source mass
spectrometry for measuring isotope ratios has been
discussed by Jarvis et al.7 Due to the convenience and
analytical speed of plasma source mass spectrometers,
they are likely to play an increasing part in such analysis
over the coming years. In recognition of this, Furuta8
devised an interlaboratory comparison study designed to
assess how precisely results in the literature could be
compared. Three lead samples identified as pond
sediment, airborne particulates and Merck multielement
standard were distributed to seven laboratories throughout the world. A solution of the National Institute of
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Standards and Technology (NIST) Standard Reference
Material (SRM) Pb981 was also supplied. A comparison of the measured lead isotope ratios with the
NIST certified values allowed a measurement and, hence,
a correction for any mass bias. Measurements of 206Pb/
2°4pb, 206pb/207Pband 208Pb/204pbisotope ratios were
made. The results revealed significant measurement
differences between laboratories. For example, the
206pb/204pb Merck multielement measurement varied
between 17.231 and 19.741 while the 208Pb/204Pb
measurement varied between 33.366 and 39.464.
A recent publication by Walder and Freedman9
described a novel ICP based mass spectrometry system
designed for measuring isotopic ratios (Fisons
Instruments Plasma 54 mass spectrometer). The instrument comprises a plasma source, an electromagnet and a
detection system equipped with seven Faraday detectors.
The sample solution is ionised within the plasma in the
conventional way. These ions are accelerated through
an electromagnet which simultaneously separates the
isotopes by mass and focuses each isotope into one of the
detectors. The isotope-ratio measurement is performed
simultaneously, thus removing any signal variations as a
limitation upon the measurement precision. Operation
of the electromagnet is optimised so as to produce "top
hat" peak shapes, which make an accurate quantification
of the peak heights possible.
A subsequent publication by Walder et al.10describes
the measurement of isotope ratios with the Plasma 54 in
more detail. Measurements of lead, neodymium and
hafnium reference materials were presented. The
measurement of neodymium and hafnium isotope ratios
utilised their stable isotopic components to measure and,
hence, correct for any mass bias. A measurement
precision of less than 0.005% was obtained, thereby
challenging the performance of TIMS. Since lead does
not contain a stable isotopic pair, such an internal
correction procedure was not possible. However, the
paper described how lead reference materials were
deliberately doped with thallium and simultaneous
measurements of 203T1,204pb,2°5T1,206pb,207Pband 208Pb
isotopes were made. A comparison of the measured
2°5Tl/203T1
ratio with the true ratio allowed a calculation
of the mass bias. This mass-bias figure was then
applied to simultaneously correct the measured lead
ratios. This correction technique, first investigated by
Longerich et a1.11and Ketterer et aL12,allowed accurate
measurements of lead SRMs 981, 982 and 983 and
removed the need for a separate calibration analysis.
It is an objective of this study to measure the lead
isotope ratios of the interlaboratory reference materials
utilising the thallium correction technique with the
Plasma 54 system. The unique configuration of the
Plasma 54 instrument should allow measurements of
superior precision to those determined by quadrupole
analysers. Measurements obtained by both techniques
will be compared and discussed. This work will complement the original study by providing an additional
data set for comparison and evaluation.
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Experimental

Sample preparation
Three samples were chosen for analysis: 1) pond
sediment collected at "Sanshiro Pond" at the University
of Tokyo; 2) airborne particulates collected at Shinjuku
in Tokyo; and 3) a 23 elemental standard solution
prepared by Merck in the USA (Product No. 97279494).
Sample preparation has previously been described.8
Briefly, this involved separately digesting 1 g of the pond
sediment and airborne particulates in I 1 ml of nitric acid
and 8 ml of perchloric acid; 4 ml of hydrofluoric acid was
added to remove any silica. The mixture was evaporated to dryness and 4 ml of nitric acid was added. The
final weights of these stock solutions were adjusted to
100 g with distilled water. The following prepared
solutions were supplied by Furuta for analysis with the
Plasma 54 mass spectrometer: pond sediment containing
82 ng ml-1 lead; airborne particulates containing 450
ng ml-1 lead; Merck multielement standard containing
100 ng m11 lead and NIST Pb981 containing 100 ng ml-1
lead. The NIST Pb981 solution was subsequently
diluted to 50 ng mL' using 18 Mf cm 1de-ionised water
so that the sample of known isotopic composition was the
least concentrated (Analysis of the airborne particulate
solution in this study resulted in an ion current that
saturated the Faraday amplifiers. The solution was
therefore diluted to 45 ng mL1). The NIST, airborne
particulates and pond sediment solutions were subsequently doped with thallium (Johnson Matthey,
Specpure ICP-direct current plasma (DCP) standard) to
a concentration exceeding that of the lead. Since the
Merck multielement standard contained 100 ng ml-1
thallium as one of it's 23 constituent elements, this was
not doped.
Analytical procedure
To maximise sample transmission through the mass
spectrometer, a high-efficiency nebulisation system was
utilised (Fisons Instruments Mistral Nebulisation System).13"4 The sample solution was converted to an
aerosol with a conventional Meinhard pneumatic
nebuliser. The aerosol was then passed through the
Mistral desolvation unit. This apparatus removed
water vapour from the aerosol stream by a sequential
heating and cooling cycle. This ensured that the bulk of
the aerosol arriving at the plasma consisted of a solute,
and not the solvent. The entrance to the mass spectrometer comprised the conventional arrangement of
sample and skimmer cones.9 The operation of the
Plasma 54 mass spectrometry system coupled with the
Mistral high-efficiency nebulisation system has previously been described.15
Seven Faraday detectors were utilised in this study.
These were referenced from the low to the high side of the
electromagnet as low 2; low 1; axial; high 1; high 2; high
3 and high 4. The relative position of these detectors
was adjusted so as to allow a simultaneous measurement
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of 202Hgin low 2, 203T1in low 1, 204Pb in axial, 205T1in high
1, 2o6Pb in high 2, 207Pb in high 3 and 208Pb in high 4. A
comparison of the measured 205T1/203T1ratio with the
accepted value of 2.387116 allowed a calculation of the
mass bias. This mass-bias figure was then applied to
simultaneously
correct the measured lead ratios.
A
measurement
and correction for mass bias was made
using the following simple power relationship:

677

was analysed
first in order
accuracy of the experimental

Results

and

to assist in quantifying
techniques.

the

Discussion

The lead isotope ratios measured for 6 samples of the
50 ng ml-1 NIST SRM Pb981 are shown in Table 1.
Each figure represents the measurement of 1 sample, and
Rtrue- Rmeas(1 + C)bm,
is the mean value of 10 measurements, each of 5 s
(1)
duration. The values in parenthesis represent the
where Rtrueis the true value, Rmeasthe measured value, C %standard error (%SE) associated with each sample
the mass bias factor and 8m the mass difference. A measurement. The sample uptake was approximately
high-precision measurement of the hafnium and neo- 0.4 ml min', and each analysis procedure took 1005;
dymium reference materials has revealed a power-law
thus, the analysis of each sample used about 35 ng of lead.
equation1° to be a more accurate correction for the mass
The calculation of the sample usage assumed a sample
bias than a simpler linear-law equation.
analysis time equal to twice the acquisition period, thus
A magnet scan between masses 195 and 205 amu allowing for signal stabilisation, periodic base-line
revealed the presence of mercury both within the sample measurement and data manipulation. Six samples of
solutions and as a background contaminant.
Since the reference material were measured; the grand mean for
mercury has a great affinity for glassware, it exhibits a each ratio is given at the foot of Table 1. The total
relatively long memory effect. The mercury ion signal analysis time for the measurement of six samples was
was equivalent to a solution of approximately 30 ppt
about 15 min, which is comparable to that taken by the
mercury. Thus, the 204Hg isotope contributed
quadrupole study.8 The analysis of the 50 ng ml-1
approximately 0.5% to the intensity of the 204Pbsignal. Pb981 reference material with the Mistral desolvation
If this was not corrected it would result in an falsely high system resulted in a total lead ion current of
2o4Pb measurement . Therefore, the 202Hgisotope was approximately 2X101' A. This is equivalent to a total
of 2.5X109 lead ions detected per second for a 1 µg ml-1
also measured and the magnitude of 204Hgwas calculated
assuming an 204Hg/202Hgisotope ratio of 0.2293.17 The solution. This is 10 -100 times greater than that
observed with a quadrupole instrument operated under
true 204Pbintensity was determined by subtraction.
Prior to analysis, the amplification circuitry associated
similar conditions (an electromagnet, unlike a quadwith each Faraday detector was calibrated with a 10 V rupole, transmits 100% of the intended element).
Desolvation of the aerosol resulted in a factor of 7
calibration signal and referenced to the axial amplifier.
Each solution of NIST SRM Pb981, pond sediment,
increase in the ion signal levels, compared to conairborne particulates and Merck multielement standard
ventional nebulisation.10
was divided into six samples for analysis. Each sample
The measurements of the Pb981 isotope ratios, 208Pb/
was analysed for 50 s, i.e. 10 measurements each of 5 s 2o4Pb; 207Pb/2o4Pb; 2o6Pb/2o4Pb and 2o6Pb/207Pb, agree
duration. The following isotope ratios were measured:
with the certified values determined by TIMS. The
202Hg/204PbHg; 205T1/2°3T1; 208Pb/2o4Pb; 2o7pb/2o4Pb; levels of precision quoted in this study are superior to
2o6Pb/2o4Pb; 208Pb/2o6Pb and 206Pb/207Pb. Because those quoted by NIST. This is probably because a
thallium was used to simultaneously correct for the mass thermal source mass spectrometer exhibits a timebias the analysis of a normalisation sample was not dependent sample fractionation that is difficult to either
control or predict. In contrast, the Plasma 54 exhibits a
necessary. However, the NIST SRM Pb981 solution

Table

1

Analysis

Values in parenthesis

of NIST

Pb981,

50 ppb

are the SE (%).
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time-independent
mass bias that can be corrected with a
measurement
of the thallium
isotope
ratio.
The
measured value of 208Pb/ 206Pb differs significantly from
the value certified by NIST; this has also been noted by
other workers and has previously been discussed.'°
Tables 2, 3 and 4 detail the Plasma 54 analysis of 6
samples of pond sediment, airborne particulates and the
Merck multielement
standard,
respectively.
Signal
levels were proportionately
equivalent to that obtained
with the SRM Pb981 solution.
Each figure represents
the measurement of 1 sample and is the mean value of 10
measurements
each of 5 s duration.
The values in
parenthesis
represent
sample measurement.

the %SE associated with each
The analysis of each aliquot of

Table

2

Analysis

of NIES

Pond

Sediment,

Table

3

Analysis

of NIES

A irborne

Table

4

Analysis

of Merck

Standard,

80 ppb

Particulates,

100 ppb

45 ppb
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pond
sediment
utilised
55 ng of lead, the Airborne
Particulates
30 ng and the Merck multielement
standard
70 ng.
The levels of analytical precision are comparable
to those obtained
from the measurement
of the Pb981
reference
material.
Each materials
has a characteristic
set of measured
isotope ratios, each ratio being significantly different for each sample.
This is in contrast to
the measurements
obtained
by quadrupole
mass spectrometry,
in which the isotope ratios measured
for some
samples
cannot
be significantly
differentiated.
Thus,
the Plasma
54 mass spectrometer
demonstrates
the
ability to determine
very small differences
in isotopic
composition,
thereby
increasing
the range of possible
applications.
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The Merck multielement solution contains 23 elements
(Ag; Al; B; Ba; Bi; Ca; Cd; Co; Cr; Cu; Fe; Ga; In; K; Li;
Mg; Mn; Na; Ni; Pb; Sr; Tl and Zn) each at a
concentration of 100 ng mL1. The pond sediment and
airborne particulate samples were analysed for trace
elements by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES).8 The analytical results for
each sample are given in Table 5; both contain a
considerable concentration of Al and Fe. The ability of
a plasma source mass spectrometer to determine the
isotope ratios of elements within such contaminated
solutions is of considerable analytical importance and it
offers a major advantage over TIMS.
A comparison of the ratios determined by the inter

Table 5 ICP-AES Elemental Analysis of
and Airborne Particulates (ng/g)

Table

6

Interlaboratory

comparison

Pond

of lead

Sediment

isotope

ratios

laboratory groups, including the measurements obtained
with the Plasma 54 mass spectrometer, are given in
Table 6. The column headings refer to the participants
and type of instrument used; these are detailed in Table 7.
Yokogawa Electric Co. measured each isotope for a time
period in inverse proportion to its natural abundance
(Yokogawa 2) and measured each isotope for an equal
period of time (Yokogawa 1). The measurement errors
in Table 6 are expressed as 2 standard deviations (2SD).
The errors presented by Furuta in reference number 8
refer to a measurement of the normalisation sample;
these errors have been doubled in order to include the
measurement and correction of the sample solutions.
The Plasma 54 demonstrates a factor of 10 -100
improvement in precision compared to the quadrupole
investigations. Although the errors associated with
each quadrupole instrument are relatively high, the
majority of the 206Pb/207Pb measurements agree with
those determined with the Plasma 54. However, the
measurement of the 208Pb/204Pband 206Pb/204Pbisotope
ratios show considerable variation between studies.
This is due to the relatively low abundance of the 204Pb
isotope, which increases the level of analytical error.
While a comparison of precision levels can easily be
quantified, an assessment of the relative accuracy is more
difficult. A high-precision analysis utilising an alternative instrumental technique is ideally required. However, there are several reasons why the authors believe
that an analysis with the Plasma 54 system is more
accurate than that using the quadrupole systems. The
Plasma 54 analysis of SRM Pb981 in this study and the
analysis of SRMs Pb981 and Pb983 in a pervious study'°

determined

by ICP-MS
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Table 7 Participants and instruments
laboratory comparison study (Ref. 8)

agree with the certified

values.

used

in the

This agreement

inter-

is due in

part to the use of thallium
as a correction
for the mass
bias, and a simultaneous
measurement
of the isotopic
components.
In addition,
the Plasma 54 exhibits "flat
top" peak shapes that allow an accurate quantification
of
each isotopic component.
This study also corrected
for
the 204Hg interference
with 204Pb by simultaneously
measuring
the 202Hg isotope.
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